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SUMMARY 

A wind tunnel program was conducted to determine the effects 
of compressibility and advance ratio on full-scale rotor 
frformance. Based on methods and input data of References 

and 10, the computed rotor power required with increasing 
tip speed and advance ratio did not agree with high advance 
ratio test data. An attempt to improve the correlation was 
made by synthesizing new airfoil lift and drag characteris- 
tics with Mach number and angle of attack. Mach number and 
lift effects were somewhat improved; advance ratio effects 
were unchanged. 

The tests were, made in the NASA-Ames full-scale wind tunnel. 
The three-bladed, 46-foot-diameter test rotor was gimbal 
mounted to the mast. Prior to these tests, a rotor of the 
same design was flown on the Bell-U. S. Army Aviation Materiel 
Laboratories* (USAAVLABS) High Performance Helicopter (HPH) and 
these flight test results are reported in Reference 2. 

The HPH three-bladed, gimbaled rotor design was adapted to 
the NASA-Ames tripod test stand, and components were fabri- 
cated. Prior to delivery, the rotor was whirl tested on a 
bailed UH-1D to check alignment, balance, and track.  During 
the test program, a swash plate actuator failed, and the 
rotor was destroyed. 

* Formerly, U. S. Army Transportation Research Command, 
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This report sumaarizes the results of a wind tunnel program 
conducted to define the effects of compressibility and ad- 
vance ratio on full-scale rotor performance. The program 
was conducted by Bell Helicopter Company under contract 
DA ^-177-AMC-42(T) (Reference 1) with the U. S. Army Avia- 
tion Materiel Laboratories in cooperation with the NASA-Ames 
Research Center. The three-bladed, gimbaled rotor system 
used for testing was the same as the rotor system flown on 
the high performance helicopter reported in Reference 2. 
Design of new components required to adapt the rotor system 
to the NA3A-Ames M)-by-80-foot wind tunnel test stand began 
on 28 June 1963. Components were shipped to NASA-Ames on 
1 April 196U, and testing started on 11 August 196k.    The 
rotor system was destroyed in the tunnel on 25 August 1964 
and testing was terminated. The incident report (Reference 
3) was submitted during September 196k. To improve the cor- 
relation between the calculated and measured data, additional 
analytical work was done, the results of which are included 
in this report. The analytical work was sponsored by the 
Bell Helicopter Company Internal Research and Development 
program. 

Acknowledgement is made to the personnel who materially 
assisted in the conduct of the tests: Messrs. J, L. McCloud, 
III, and J. C. Biggers of NASA-Ames Research Center; and 
Messrs. K. Hampton and J. R. Crigler, Jr., of the U. S. Army 
Aviation Materiel Laboratories.  Bell Helicopter Company 
engineering personnel associated with these tests were Messrs, 
R. N. Baggett, B. L. Blankenship, E. L. Brown, W. L. Cresap, 
J. M. Drees, D. L. Kidd, W. A. Kuipers, and R. R. Lynn. 
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SYMBOLS 

Nondimensional parameters are indicated by an "nd" in the Units 
Column, 

Symbol  Meaning     Definition    Units 

a    Resultant rotor force vector tan" (Cy /CT ^   rad- 
orientation ^ tL 

2 2 
A    Rotor disk area irR ft 

c    Rotor blade chord distance from    ft 
leading edge to 
trailing edge 

C.   Local blade drag coefficient conventional     :.J 

Cj     Local blade drag coefficient conventional     r.d 
r    for flow in the radial dir- 

ection 

C,     Rotor vertical force coeffi- « 
^    cient L/pA(AR)       nd 

Cp     Rotor power coefficient      HP* 550/^ A(ÄR)  nd 

Cp     Rotor profile power coeffi-  on Page 3       nd 
o    cient 

2 
CY     Rotor horizontal force coef- X/o A(AR)       nd 
^R    ficient 

HP     Rotor horsepower based on    conventional     hp 
balance frame yawing and 
rolling moments 

L     Rotor vertical force (posi-  perpendicular to lbs 
tive up) V, opposite to 

gravity 

M    Mach number conventional     nd 

n     Number of rotor blades      3 for test rotor nd 

R     Rotor radius distance from    ft 
centerline to 
blade tip 

XL 



Symbol 

U 

UP 

U_ 

U, 

u AX 

x 

X 

A 

0. 

Meaning  Definition 

Total nondiaensional velocity Velocity/PR 
at a blade element 

Nondimensional velocity par- Velocity/HR 
allel to the mast at a blade 
element 

Nondimensional velocity in 
the radial direction and 
parallel to the blade at a 
blade element 

Velocity/n R 

Nondimensional velocity per- Velocity/HR 
pendicular to U and U p    r 

Nondimensional change, in ve- 
locity in the X direction due 
to drag force in the radial 
direction 

Rotor forward speed 

Blade radial station 

Velocity/HR 

fraction of R 

Rotor horizontal force (posi- parallel to V 
tive aft) 

Angle between mast and per- 
pendicular to free stream 

Blade flapping angle 

A small change in a variable 

Rotor colle :tive pitch 

positive for 
mast tilted aft 

conventional, 
relative to mast 
axis 

Units 

nd 

nd 

nd 

nd 

nd 

ft 
sec 

nd 

lbs 

rad 

rad 

angle at the cen- 
terline of rota- 
tion between the 
blade zero lift 
line and the plane 
perpendicular to 
the mast 

deg 

Xll 



SYMBOLS (Cont'd) 

Symbol    Meaning. 

A    Inflow ratio 

rc 

? 
cr 

0 

Advance ratio 

Speed ratio 

Constant 

Air density 

Rotor solidity 

Local inflow angle at a 
blade element 

Rotor azimuth station 

Rotor rotational speed 

Definition Units 

conventional. nd 
relative to mast 
axis 

conventional, nd 
relative to mast 
axis 

V//IR nd 

3.1^159... nd 

slugs 

fr* 
nc/ITR nd 

tan"I(U /U) deg 

measured counter- deg 
clockwise from 
downwind position 

rad/sec 

XI11 



INTRODUCTION 

Early efforts to predict rotorcraft performance (References 
6 and 7) gave results that correlated with measured data 
within about 5 percent at speeds below 120 knots. As tip 
speeds and forward speeds increased, the measured power in- 
creased more rapidly than predicted with the "linear theory" 
equations. Digital computer techniques were developed 
(Reference 8) that eliminated most small angle assumptions 
and included reverse flow and compressibility effects. Cor- 
relation was still not sufficiently accurate to enable 
extrapolation to high speeds with confidence. 

The main difficulty in correlating flight test data is the 
determination of the actual rotor loading. Application of 
model data obtained at high tip speeds is questionable be- 
cause of undefined scale effects. The validity of theoretical 
analyses is questionable due to uncertain two-dimensional 
airfoil characteristics and the effects of unsteady, three- 
dimensional flow. Reliable full-scale rotor performance data 
could be obtained only by controlling the test conditions. 
Such control was available only in a full-seal^ wind tunnel. 

In early 1963, Bell Helicopter Company proposed to the 
Department of the Army that a rotor research program be con- 
ducted in the NASA-Ames full-scale wind tunnel. A contract 
was awarded in June 1963, to manufacture and test the three- 
bladed gimbaled rotor as proposed. 

The objectives of this research program were to: 

1. Provide rotor performance data obtained under con- 
trolled full-scale test conditions. 

2. Define the lift capability of the test rotor from 
very low to high disc loadings at high tip speeds 
and advance ratios. 

Determine the propulsive force capability of the 
test rotor at high advance ratios. 



DESCRIPTION OF ROTOR SYSTEM 

Table I summarizes the physical parameters of the test 
rotor and wind tunnel test stand. Figure 1 shows the rotor 
installed in the wind tunnel. A rotor of the same design as 
the test rotor was flown on the high performance helicopter 
in both rigid and gimbaled configurations. The results of 
these flight tests are given in Reference 2. 

Three electrically-controlled, hydraulic actuators positioned 
the swash plate relative to the mast. These actuators were 
not installed when the photograph in Figure 1 was taken. The 
actuators replace the fixed links that position the non- 
rotating portion of the swash plate. Collective, longitudinal 
and lateral control were input to the control panel. The 
input signals were mixed electrically and the actuators posi- 
tioned accordingly. The control system is described in 
detail in Reference 9. 

Strain gages were used to monitor loada of critical components 
and to provide blade load distribution data. Table II sum- 
marizes the instrumentation of the rotor system. Infinite 
life loads were never exceeded.  During the tests, the follow- 
ing loads were monitored on the components: 

Mast bending 
Yoke beam and chord bending 
Pitch link axial load 
Drag brace axial load 
Hub flapping position 

Calibration and Repeatability 

All strain gage calibration was done prior to shipment. The 
gage readings for a given load were repeatable within 2 to 
5 percent. No hysteresis was evident.  Calibration of the 
position indicators was accomplished after installation in 
the wind tunnel. Collective, longitudinal, and lateral cyclic 
pitch positions were repeatable within 0.2 degree. Collective- 
cyclic coupling, introduced by the electronic control cir- 
cuitry, was less than 0,3 degree throughout the collective 
range. 



SUMMARY OF ANALYSES 

AERODYNAMIC ANALYSIS 

Data Basis 

All rotor performance calculations were made using the 
equations and procedures described in Reference 10.  The 
basic equations used are the same as those of Reference 8, 
except the small angle assumptions have been removed. Uni- 
form inflow was used for all calculations and assumed to be 
equal to the momentum theory value. Triangular inflow dis- 
tribution was used at a few points but did not alter the 
computed performance significantly. Initially, tae airfoil 
characteristics of Reference 5 were used (Figures 2 and 3), 
Better correlation was obtained with the airfoil character- 
istics synthesized for this report and given in Table III 
and Figures 5 and 6.  Stalled characteristics were not 
changed significantly and are given in Figure U. 

Test rotor performance was computed at the test conditions 
proposed in Reference 4, and the results of these preliminary 
calculations are presented therein.  These results are not 
given in thi& report, as the test rotor radius was a foot 
longer than the proposed rotor radius and since Mach number 
effects cannot be nondimensionalized accurately. Two char- 
acteristics of rotor performance were examined in the re- 
duced measured data.  Calculated and measured rotor power 
and rotor derivatives were compared. 

The basis of the power comparison is the profile power which 
is defined to be the measured power less the ideal values of 
induced and propulsive power. The resulting nondimensional 
expression for profile power is: 

^1,4 - ^ (v2 - x ^v 
Witliout resolving the drag vector by cos 0, the profile power 
should be 

Cp . 27r 
o 

2 
= T ' W / / Gd U

3 dx dj* 



The above two values of Cp /cr  were computed for each datum 

point. For 95 percent of the points, the two values were equal 
within 1 percent. This indicates that subtracting the ideal 
valises of induced and propulsive power from total power is a 
valid method of obtaining rotor profile power. 

The rotor derivatives vere calculated by holding all para- 
meters constant except the variables of interest and power. 
The latter was adjusted as necessary to maintain rotor speed. 

Analysis Performed 

The major analytical effort was concerned with obtaining 
better correlation between the me?sured and computed data. 
The differences between the measured and computed rotor per- 
formance are discussed in detail in the Test Results section 
of this report. To obtain better correlation, the airfoil 
lift and drag relationships to angle of attack and Mach number 
were changed. For this study, data points were selected at 
representative values of low (.03) and high (.09) rotor lift 
coefficients for each advance ratio and tip Mach number tested. 

The technique developed to modify the data tables depends 
upon the validity of two assumptions: 

1. That the primary profile power loss occurs near the 
blade tip, and 

2. That the blade section drag coefficient is determined 
by blade section angle of attack and Mach number only. 

The validity of the latter assumption is assumed in all pub- 
lished rotor performance analyses that include stall, com- 
pressibility, and reverse flow effects. Some work is known 
to have been done that also includes Reynolds number, but 
the accuracy of these data is questionable. 

The first assumption was justified during the study by 
printing the profile power parameter, Cd U3, at e^ery blade 
radial and azimuthal station computed. The sum of the C^ U^ 
values inboard of the .85 radius never exceeded the sum of 
the values from ,85 to 1,0 for the rotor operating states 
tested. Hence, the value of drag coefficient and velocity 
of the tip station was assumed representative of the profile 
power required at each azimuth station. At advance ratios 
over about .5, the profile power required in the reverse 
velocity region becomes significant, and the technique used 
to modify the airfoil data tables may have to be modified. 



This technique involves the following steps: 

1. Using Cartesian graph paper, with Mach number on the 
ordinate and angle of attack on the abscissa, the 
calculated M~ cC   contour of the blade tip is plotted 
at each azimuth. See Figure 7. 

2. Step 1 is done at low and high rotor lift coefficients, 
different tip Mach numbers, at the advance ratios of 
interest until all contours are made. 

3. The calculated data are compared to the measured data 
for the correct trend of: 

a. Profile power increase with rotcr lift coefficient, 
b. Profile power increase with tip Mach number. 
c. Profile power increase with advance ratio, 

4. By the second assumption mentioned above, each combi- 
nation of Mach number and angle of attack has a unique 
drag coefficient associated with it. The problem then 
becomes one of determining the correct drag cocfii- 
cient for each M-Of.  By overlaying the contours, it 
can be seen that the drag value in one M-flf region can 
be changed without significantly altering the profile 
power of a datum point whose contour does not enter 
the region where Cj is changed, 

5. Using these contours, and the conventional Cd versus 
angle of attack plot of the data tables (Figure 6), 
it may be seen where the drag coefficients can be 
changed to improve correlation. 

This technique involves successive approximations and exer- 
cising considerable judgement. The profile power increase 
with rotor lift coefficient and tip Mach number have been 
fairly accurately determined us.ng this method. The profile 
power increase with advance ratio could not be significantly 
altered because the contours covered the same M-öf region. 
Therefore, if the drag coefficient was changed in a M-of 
region in order to improve advance ratio correlation, the 
correlation with rotor lift would be worse. This paradox 
indicates that additional analytical work is necessary to 
re-examine the mathematical representation of the rotor and 
the assumption of a unique Cj-M-öf relationship. 

The determination of the C^-M-flf relationship was more straight 
forward. The lift curve slope with Mach number was greatly 



reduced for Mach numbers from .2 to .7. Maximum Lift coeffi- 
cients were not involved, since none of the data obtained 
involved a significant amount of stall and none of the com- 
puted angles of attack were beyond the stall angle for the 
associated Mach number. Lift coefficients beyond the stall 
angle of attack wo.re not determined by this analysis. 

Because of the difficulty of correlacing the profile power 
increase with advance ratio, the effects of including radial 
flow were investigated. A rapid analysis of this effect was 
made by calculating the profile power parameter: 

o 
2^r 

= -j»w /  r cA\}3 dx d?        CD 
ZTT        JL 

7 • -zV   /   /   cd u3 dx d/. 

where U is the nondimensional velocity at a blade element. 

Conventional analyses vectorially sum the perpendicular and 
tangential velocity components to obtain the total velocity, 
U.  If radial flow is inclv.dcd, then the radial velocity com- 
ponent is added vectorially to the perpendicular and tangen- 
tial component to obtain the total velocity, U.  The expres- 
sions for these components are: 

U
P= ^-^cos/ -JT^ ^ 

Ut = x + yu sin ^ (3) 

Ur = 1/6 + S*  C0S^ (4) 

For a quick analysis of the effect of radial flow on power, 
X , /Ö ,  and d/3/dt  were set to zero and the integral was 
evaluated numerically for advance ratios from .1 to 1. A 
curve was fitted through the data points, and the following 
expressions for profile power resulted. The drag coefficient, 
C,, was assined not to vary with x or ^ . 

^P G 
--^      = -J- (I   + 2.71 u2  +  .Uk u3) (5) 
^ conv.    8        y~ S~ 



c 
2° 
or incl. 

rad. flow 

(1 + 3.BJUL     +  1.8^0 (6) 

3 2 The appearance of a much larger JA     term and an Increased /A 
term indicated that the radial flow correction may be what 
was needed in the rotor performance prugram. The basic 
equations were derived, including the radial velocity compo- 
nent and a local "sweep" angle. The airfoil characteristics 
were not considered to be altered by the sweep angle. 

The expected increase of profile power was not calculated by 
the computer program. The reason was that all angles of attack 
were reduced, which had more effect on lowering the local drag 
coefficients than the increased velocity did on raising them. 
The net result was that, for a given datum point, the rotor 
produced the same thrust and X-force as before considering 
radial flow, but the angles of attack were everywhere reduced. 
On the retreating blade, this had great effect since the angles 
of attack were high and a relatively small angle-of-attack 
change resulted in a large change in drag coefficient. 

Another method of including radial flow would be to consider 
the X-force component of the skin friction drag in the radial 
direction. If this is calculated as an addition to the X- 
force and multiplied by the advance ratio, the profile power 
will increase since the angle-of-attack distribution will not 
change significantly. Substituting 

U AX -S sin (7) 

into 

Ytf   1 

* y*' -f   T*f   f f   "ix dx d^ 
o  o 

(8) 

and evaluating, yields. 



A 

CP     Cd       -,  o __   r /, c ..3 (1.5^) (9) 

If CA-  IS assumed to equal C^, then the profile power will 
3 increase by 1,5 ^u , which is approximately the difference 

between the JA^  terms in equations 5 and 6. 

It would then appear that radial flow corrections to the 
mathematical representation of the rotor are desirable. 
However, the corrections considered are not adequate to ex- 
plain the rapid increase in measured profile power with 
advance ratio. Additional work with the drag data tables 
may improve the profile power increase with advance ratio. 
The correlation of measured and calculated longitudinal 
cyclic control positions is improved with radial fow. 

DYNAMIC ANALYSIS 

The complete dynamic analyses are given in References 11 and 
12. Reference 11 investigated the shaft critical speeds for 
the rotor on the upper and lower splines. During the tests, 
the rotor was mounted on the lower splines. 

Inertia and stiffness calculations were made for the Ames 
drive train, from the floor transmission to the support trans- 
mission, and the test mast and rotor. The following modes of 
motion were considered: 

1. Mast bending: pin-pin at the mast-drive train coupling 
and the upper bearing, support transmission. The 
transmission was assumed rigidly supported. 

2. Mast-drive train bending; pin-pin at the upper bearing, 
tunnel floor drive transmission, and the mast drive 
train coupling. The support transmission was assumed 
pinned. 

For the first case, the shaft critical speed was calculated 
to occur at 456 rpm. For the second case, the shaft critical 
speed was calculated to occur at 528 rpm.  Both speeds are 
well above operating speed, and no resonant condition exists 
for either one- or three-per-rev forcing frequency. 

The coupled natural frequencies of the test rotor were deter- 
mined in Reference 12. The analysis described in Reference 

8 



17 was used. The effects of adding 25 pounds of weight at 
the mid-span and tip were evaluated. The results of the 
study indicated that 25 pounds of mid-span weight should be 
used on the 46-foot rotor to avoid three-per-rev resonance 
in the cecond cyclic mode. 

The variation of blade coupled natural frequency with collec- 
tive pitch and several rpm is shown in Figures 8 and 9. The 
coupled frequencies are separated into collective and cyclic 
modes of motion that are defined as follows: 

A collective mode is a combination of beamwise symmetric 
and chordwise antisyranetric displacements. For a three- 
bladed rotor, collective modes are sensitive to excita- 
tion at multiples of three times rotor speed. 

A cyclic mode is a combination of beamwise antisyranetric 
and chordwise symmetric displacements. For a three- 
bladed rotor, cyclic modes are sensitive to excitation 
at multiples of the rotor speed other than three-per-rev. 

Rotor loads were computed for the tunnel operating conditions 
using techniques of Reference 17, The load values are pre- 
sented in Reference 18. 



WHIRL TESTS 

The U6-foot- and 36-foot-diameter test rotors were installed 
on a bailed UH-iD(U8) so that balance, track, and general 
rotor behavior could be checked prior to shipment. The 36- 
foot rotor was  whirl tested but was not tested in the wind 
tunnel.  Ihe U6-foot rotor exhibited a vertical one-per-rev 
resonance through a narrow collective pitch range.  Several 
fixes were tried: an adjustable lift link, tying the skid 
gear together, loose and tight tie-down cable, pylon mounts 
locked out. None of the fixes significantly reduced the 
magnitude of the resonance.  Since the collective pitch range 
that excited the resonance was very narrow, it was decided to 
fly the ship. 

There was no problem getting through the critical collective 
pitch range. One-per-rev vibration from hover to 50 knots 
was acceptable to the pilot.  The one-per-rev resonance en- 
countered during tie-down was not evident in flight, even 
during rapid decelerations from 50 knots.  From the pilot 
report, "there (was) no obvious difference in this rotor (and) 
the previous gimbaled, three-bladed rotor." The "previous" 
rotor refers to the three-bladed rotor tested and reported 
in Reference 2. 

The 36-foot-diameter rotor was balanced and tracked using 
normal procedures.  No resonance problems occurred during 
tie-down tests,  lack of roll control in hovering restricted 
forward flight testing.  The cause for this was considered 
to be beyond the scope of these initial tests and was not 
determined.  The rotor system was considered ready for ship- 
ment. 

10 



TEST PROCEDURE 

The "sweep" procedure described in Reference 1U was used for 
these tests. Charts were prepared prior to testing so that 
parameters could be changed rapidly.  Because of interference 
problems, the mast angle could not be changed during a run. 
The test conditions were set up as follows: 

Set mast at angle for desired horizontal force range 

Set rotor tip speed to desired tip Mach number based 
on tunnel temperature 

Set tunnel speed to desired advance ratio based on 
barometric pressure 

Adjust fore-and-aft cyclic pitch for approximately 
zero flapping at 6000 pounds lift 

Adjust collective pitch to desired vertical force 

After the first datum point was obtained, cyclic pitch was 
fixed and collective pitch was raised and lowered to obtain 
data for CLR values from about .01 to .10. Cyclic pitch was 
then varied slightly from the initial trim point at a CLR 
of ,05 to obtain partial derivative data with respect to 
angle of attack. After data were obtained at the set tip 
Mach number and advance ratio, the rotor speed and tunnel 
speed were changed to set the next Mach number and advance 
ratio. 

11 



TEST RESULTS 

AERODYNAMIC 

The reduced wind tunnel data, provided by NASA-Ames Research 
Center, are given in Table IV, and the nomenclature used to 
identify the data is given in the back of the table. Table V 
gives the control positions for each datum point. 

Figures 10 to 12 show a comparison between measured data and 
that computed by the charts of Reference 5. Also shown are 
the data computed by the contractor's digital computer pro- 
gram (Reference 10), using the airfoil characteristics of 
Reference 5,  The charts of Reference 5 indicate that pro- 
file power coefficient slopes with rotor lift coefficient 
are approximately correct. However, when the airfoil data 
of Reference 5 are used in the program of Reference 10, the 
calculated slopes decrease considerably. 

The values of calculated profile power at any rotor lift 
coefficient are lower than measured. More important than 
this is the fact that the difference is increasing with in- 
creasing advance ratio.  Figure 13 illustrates this effect 
by cross plotting the data of Figures 10 to 12 at a rotor 
lift coefficient of .05.  If this difference between measured 
and computed data continues to higher advance ratios, the 
calculated profile powei becomes significantly lower than 
would actually be required. 

Figures 1^ to 16 show the measured and computed rotcr 
derivatives at the advance ratios and tip Mach numbers tested. 
The airfoil data of Reference 5 were used in the program of 
Reference 10 to obtain the calculated data.  Derivatives were 
obtained at a rotor lift coefficient of ,05.  The computed 
rotor lift curve slope with angle of attack and collective 
pitch is approximately 20 percent too high.  It should be 
noted that the mast axis system is used instead of the con- 
trol exis system.  The resulting values of da'/dor are then 
about unity instead of zero. 

The lack of correlation apparent in Figures 10 to 16 prompted 
additional study of the airfoil lift and drag ch-aracteristics 
used to compute rotor performance.  It was irrmediately noticed 
that the section lift curve slopes should be reduced, ehe drag 
coefficients associated with high Mach numbers should be re- 
duced, and the drag coefficients associated with high angles 
of attack should be increased.  The procedure used to syn- 
thesize new airfoil characteristics are describec* in the 
Summary of Analysis section of this report.  The final 
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airfoil characteristics synthesized are given in Table III 
and illustrated in Figures 5 and 6. The resulting rotor 
performance is shown in Figures 17 to 19, 

Compressibility 

The data obtained have indicated that the previously predicted 
power increase due to compressibility was overestimated. 
Figures 10 to 12 show that the measured profile power in- 
crease with tip speed at low rotor lift coefficients is with- 
in the accuracy of the data. As advance ratio and rotor lift 
coefficient increase, the effects of tip speed become more 
noticeable but are still small compared to the previously 
predicted performance.  It should be noticed that all the 
measured profile powers do not increase significantly as the 
rotational tip Mach number increases from .^9 to .58. 

Rotor Lift 

Figures 10 to 12 also show the increase in profile power 
with rotor lift.  Using the airfoil characteristics of 
Reference 5 in the computer program of Reference 10, the 
calculated slopes are considerably lower than measured.  The 
charts of Reference 5 predict the coirect lift slope variation 
although the overall correlation is not good.  Further study 
of performance techniques in this crea is needed. 

The slope of the CPQ/OT versus ^LR  curve increases with in- 
creasing advance ratio as predicted by linear theory (Refer- 
ences 6, 15, and 16). The rotor lift coefficient where stall 
effects tend to increase the profile power cannot be cal- 
culated by linear theory. At an advance ratio of .2, this 
profile power increase occurs at a ^LR of about .10, and at 
.3 advance ratio the profile power increases at a CLR of 
about .7. At an advance ratio of .^4, there is no clear value 
of CL R where the profile power begins to increase sharply. 
The overall slope, however, is much higher than at ,2 or .3 
advance ratio. 

Advance Ratio 

The increase in profile power with advance ratio is apparent 
in Figures 10 to 12.  Figure 13 shows a cross plot of the 
measured and calculated data at B^LR of .05.  The slope 
of the measured profile power versus advance ratio is higher 
than calculated.  Neither the charts of Reference 5 nor the 
computer program of Reference 10 compute profile power in- 
crease with advance ratio near those measured.  Incorporating 
radial flow into the analysis did not improve correlation. 
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It is believed the measured data is too consistent to be 
as much in error as indicated.  Further study of this effect 
is warranted, especially since high speed rotorcraft will 
probably operate at advance ratios from .U  to .7 or higher. 

DYNAMIC AND LOADS 

The oscillograph records were closely examined, and the most 
important load channels were reduced at the Ames wind tunnel 
immediately following the rotor incident.  It was concluded, 
:•& reported in Reference 3, that a swash plate actuator failed 
due to longitudinal inertia loading caused by excessive vib- 
ration of the apex case.  Subsequently, the oscillograph re- 
cords were completely reduced and harmonically analyzed at the 
Bell 'lelicopter facility in Fort Worth.  The load values were 
essentially the same as those determined at the Ames Tunnel, 
and the previous conclusion remains unchanged. 

The most important load channels are discussed in the follow- 
ing paragraphs. A complete set of reduced data will be kept 
on file at Bell Helicopter Company. 

Fixed System Vibrations 

Prior to the wind tunnel tests, an analysis of the rotor and 
mast attached to the wind tunnel tripod and apex case was 
conducted to insure freedom from whirling instability in the 
planned operating range (Reference 11). An analysis to pre- 
dict the forced response of the apex case or the fixed system 
in general was not done.  The expected accuracy of the re- 
sults did not justify the man-hours required. 

Rather severe vibration of the apex case and the balance frame 
were reported by observers. Vibrations at about half-per-rev 
and one-per-rev were most evident.  However, it is likely that 
the highest accelerations, the ones responsible for the 
fatigue failure, were at two-, three- and four-per-rev coming 
from apex case bearing loads caused by shears and moments in 
the rotating system at one-, two- and four-per-rev.  There 
were no fixed system vibration pickups to measure motion of 
the apex case. 

Rotating System Loads 

The envelope of expected loads in the rotating system for the 
higher tip speeds was fairly well known beforehand for the 
region tested in the tunnel based on flight test of the 
rotor on the high performance helicopter (Reference 2).  Loads 
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were calculated for the map of parameters to be covered by 
the tunnel tests (Reference 18). A summary of the most 
important loads is given below: 

1. Flexure Beam and Chord Loads 

Endurance limits are shown in Figure 20 for combined 
beamwise and chordwise bending moments.  Only one datum 
point reached the endurance limit; 85 percent of the 
data points fall in the inner domain. Beamwise oscil- 
latory loads were always at a low level, never exceed- 
ing 20,000 inch-pounds. 

2. Mast Bending Moments 

The endurance limit for infinite life of the roast is 
reached with 65,000 inch-pounds of applied moment. 
The maximum measured moment was 58,000 inch-pounds. 
The moment distribution is given below: 

1 Bending Moment 
|(in-lb/1000) 0-10 10-20 

-1 

20-30 
i  

30-40 40-50 50-58 

% of Data  Points 0 39 17 29 9 6 J 

3.  Pitch Link Load 

The maximum measured oscillatory axial load was 730 
pounds. At this load level, the expected life is 150 
hours.  The pitch link load distribution is given below; 

Axial Load   (lb/100) 0-1 1-2 2-3 3-4 4-5 5-6 6-7.3 

|% of Data  Points 0 13 2k 21 23 16 3      1 

Based on allowable load levels and flight-test experience 
(Reference 2), it is concluded that the rotor was below load 
limits throughout the wind tunnel testing. 

The flexure chord bending moment characteristic was of some 
interest.  Flexure chord load was composed primarily of one- 
and two-per-rev components.  The one-per-rev component behaved 
in a regular manner increasing with collective pitch and 
decreasing with airspeed (Figure 21).  The two-per-rev com- 
ponent was sensitive to collective pitch, rotor speed, and 
airspeed (Figure 22).  The most significant occurrence 
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indicated in the records was the rapid increase in chordwise 
two-per-rev load between the  Last two collective pitch set- 
tings of Run 13. 

Point 6   270 rpm, 159 kt  2/rcv = 55,000 in-lb 

Point 8   290 rpm, 173 kt  2/rev = 110,000 in-lb 

The flexure chord two-per-rcv load doubled (points a to b, 
Figure 22) for a relatively small change in airspeed and 
rpm. The overall flexure chord load reached the endurance 
limit for Point 8. Also, two sets of data at nearly identical 
conditions, 153 and 15U knots (Figure 22), show a wide varia- 
tion in two-per-rev load. This increase in rotor inplane 
load contributed to the actuator failure only to the extent 
that it caused increased apex case vibration. The mast bend- 
ing moment indicates that fixed system vibration should have 
increased by about 30 percent. 

The cause of the two-per-rev increase does not appear to have 
been a blade resonance. Figure 9 shows the natural frequen- 
cies of the first cyclic mode, the mode of motion associated 
with the two-per-rev inplane response. At 270 and 290 rpm, 
this mode is well removed from two-per-rev.  Figure 22 shows 
the ejected two-per-rev variation with collective pitch at 
118 knots. Above 150 knors the two-per-rev was erratic. 
The cause of this variation is not known. 

PROBLEMS 

The vibration level in the wind tmnel balance room was high; 
some data points could not be obtained because of this. 
Since the dynamic characteristics of the wind tunnel are re- 
latively unknown, the overall vibration characteristics were 
a secondary consideration in this problem.  The higt vibra- 
tion level resulted in the fatigue failure (Reference 3) of 
a swash plate actuator output rod. 

Tracking the rotor was difficult. Conventional tracking flags 
could not be effectively used due to the height of the rotor 
above the tunnel floor. The spotlight, colored tip reflectors, 
stroboscopic viewer system used was not effective due to re- 
flectors being lost and the attenuation of the reflected light 
by the viewer.  Even with a good tracking system, the rotor 
either has to be tracked in ground effect with considerable 
recirculation and unsteady flow or, by inclining the rotor, 
the downwash is blown down the tunnel and tracking is done 
in the transition region from 5 to 15 knots. Future rotors 
should be tracked prior to wind tunnel testing if not adjust- 
able in flight. 
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CONCLUSIONS 

Based upon the results of the wind tunnel test program, and 
the subsequent analyses conducted, the following conclusions 
are made: 

Rotor profile power increase with tip Mach number is 
less than predicted (References 4 and 5). 

Rotor profile power increase with lift coefficient is 
greater than predicted (Reference 4). 

Hotor profile power increase with advance ratio is greater 
than predicted (References k  and 5). 

The rate of change of rotor lift with change in angle of 
attack or collective pitch is less than predicted (Refer- 
ence k) . 

The synthesized airfoil characteristics give significantly 
better correlation with the measured data than the airfoil 
characteristics of Reference 5, especially with regard to 
compressibility effects. 

The present -analytical techniques (References 5 and 10) 
do not account for advance ratio effects on power to the 
degree of accuracy needed, particularly at high lifts. 
There seems to be either a discrepancy in the mathematical 
model of the rotor or in the assumption of a unique rela- 
tionship between Mach number and angle of attack on the 
lift or drag coefficient. 

Overall vibration of the wind tunnel balance frame-tripod- 
rotor assembly was high. This vibration resulted in the 
fatigue failure (Reference 3) of the output shaft of the 
forward swash plate actuator due to inertia loading. 
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RECOMMENDATIONS 

As a result of this program, it is recommended that: 

More analytical work be conducted to understand better 
the lift and advance ratio effects noted in the analysis. 
Several aspects of the mathematical representation of 
the rotor should be investigated: nonuniform inflow, 
three-dimensional tip effects, and non-steady flow effects 
on airfoil characteristics. 

Additional full-scale rotor performance data be obtained 
at high tip Mach numbers (to Mach 1 on the advancing tip) 
and high advance ratios (to 1,5). These data would be 
used to correlate with the recommended analytical work. 

More information is required concerning the dynamics of 
the wind tunnel balance frame-tripod system. With these 
data, a dynami« inalysis could be madp and the overall 
vibration of the system reduced. 
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TABLE I 

ROTOR AND TEST STAND DATA 
I                                               ■ 

Type of Rotor gimbaled, teetering 

Number of Blades 3 

Chord 21 in 

Diameter 46 ft 

Area 1662 ft2 

Solidity .0727 

Effective Root Cutout 15.2% 

Airfoil Section NACA 0012 

Blade Twist Rate A5k5  deg/ft 

Blade Construction All metal, UH-1B 

Hub Flapping Freedom 11 deg 

Collective Pitch 1st 
2nd 

Range 
Range (unused) 

-1 deg to 20.5 deg 
Ik  deg to 34 deg 

Cyclic Pitch     longitudinal 
lateral 

±13.5 deg 
±9.5 deg 

Test Stand Paramete-s 

Angles of attack 

Maximum speed 
Maximum horsepower 
Maximum rpm (low range) 

20 deg fwd, 
0 deg aft 
190 kns 
1320 at 357 rpm 
357 

i                   .„,„,.         ,,.     _               \j 
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TABLE II 

-R SYSTEM INSTRUMENTATION 

Components Load/Position Location(s) 

Master Blade (36* 
i and 46') 

Beam Bending Moment 

Chord Bending Moment 
Feathering Moment 

Sta 

Sta 
Sta 

^7, 72, 95, 
120, 150 
47, 95, 150 
48, 121       j 

Master Blade Grip Beam Bending Moment Sta 24            I 

Master Blade Drag 
Brace 

Axial Load - 

Yoke Flexures Beam Bending Moment 
Beam Bending Moment 

Chord Bending Moment 

Sta 
Sta 

Sta 

5.25 (all) 
12.75(Master 
blade) 
5.25 (all) 

Pitch Tube Axial Load Ail 

Mast Bending Mome.nt and 
Torque 

34.16" from top of 
mast perpendicular 
and parallel to 
the master blade. 

36' Master Blade Differential Pressure 90% 
17% 

Radius,4,9, 
chord 

Grip to Spindle Feathering Position Master Blade 

Gimbal to Mast Hub Flapping Perpendicular to 
master blade 

Slip Ring Azimuth Trace interrupt at 
^'= 135° 

20 



CQ 

^4 • 
o in <D -I -» 

00 00 n en ^ f-» <Jv ■3 -J           00          00 CM        «0 
1 o J m vO >o vO vO vO 1^ vOr^r-lOOvOr^OI 

o o r-l          rJ          >4          r4 
1               ( 

1 .     o 
l-l 

*> u~. n vO vO CM (O 

j | | 

^ <?> rv. <Tv o ^ r» r^ o vO 
• o • 

o 
en • 

lA 
* • 

in 
• vO • vO • 

1 

tn 00 -a- JN m cs on ■* 

00 1-1 o -J n 00 CM vO r^ 00 • ' o 
o 

«1 • • 

CO 

• 

m 

• 

tn 

in m • 

en 

vO • VO • 

00 CM fO r^- <jv CM m r-- fi r-l 

CO 1 • o J' m in in vO vO vO f~- I"-- 

u o 
• • • • • 9 • • • 

f-11 

CO 
in IN t^ in r^. vO oo 1 
►^ <N vO CN o f-i r-l <N in in 

* o in VO r- r- f>. r^ r^- r-^ oo 

1   CO 
o 

^ i 1 -^ o vO 00 •N ^ in 
Q     1 1 c f-~ in o> -* CM 00 00 r^ 00 m 
4     1 1   4* » o VO f^ oo 00 r^ rv r^ i^ 00 

0 1 ••-, 
!   C 

i      • 

o 
■ • • • * » • • 

1 '^ 
•^ 1 'u 

1 ^1 
4) vO n 

1^ 
en J- «n r-l 

«n 
Cv 

vO 
J- in 

• o vO 00 (Jv <T> <Tv 00 00 00 oo 

ä 1       • 

o 
• * • ft * • • • • 

n 
< 1 ->J 

1 ^ J 00 

Q 1 «H i    m >-l rJ (Tv ^ ,-4 o- vO 00 

b] >-) • o vO 00 Ov o o <Tv o> 90 oo 
N o 

• • * * • 
r-l * • • • 

H 
CO 

U"l cn r-1 <N o 
Ä    | 

■* 
& Ov (Jv 00 VO 4 m en 

| 
i      • 1 0 

• 
o 

in 
• • • r 

r-l r-l 

• 
r^ 

CM 
* 

r-l 

o • 
r-l 

oo 
t 

CO 

o 00 
<n 30 

«o 
<n 
<n m cn .-i 

• o 
* o 

m • • O» r-l • 
r-l 

• «n 
■ 

r-l 

<n * r-l • 
r-l 

00 • 

CM v£) 00 tN tn Ä CM 
1-^ o vO in CJv <y> ( O       1 o c ̂         « 0 

o m r- CTv r-l <N n ts o oo -4 • ■>     < 3      < D      v >       t -     < 3 
1 

o r-l r-l r-l r-l r-l ~>       • -i -I      . -* 1 1      c 3 
O 1 1 

N U |OAJ t n 
\A « u * 

QA • «  o ^ oo O (S ^r m VO 00 o     « *       t yv    < jv      1 "X         r -1        < N        < 3 
«6 H ^ ■-I r-l r-l r-l r-l r-l (N       « n *    ( N *         V e    i •N         « 0 

s 3 |W)« # -1 ■•4        . -*    > -1        > -<  1 

^ 

11 



CO 
ü 

65 

H 

CO 

C 
« 
•H 
Ü 

(M 
(M 
0) 
o 
O 

a* 

oo 

CO 

m 

«n 

CM 

I 

O 

ox» 

^ 

CS O»   ^ 00   «^      tN CV« O O CM CM tN <S      CM O» CM <N (N <N 
C00000O'^«'^fl0«-«^»O0*rMCM^r^T\övO»r>vOONvO^v0CMO"^»^-^O-*«n>OCM 
000»-<'-»<-««-»<v»<NCM«NPi<n'nco^>nc»>»nnN£)eo<^OOaovoofOCM^-400 

«r-l^-lf-4CMeM^f-<i-l 

csov^j     ^ m (f\     t^c^itn in 
^t^j'^oxcMmxcM^oooxr-icsnomirt 
ooooc»-ti-«i-i<NCMCMCM«n(Ofnon 

oo O* CM <Ti «noo^tr^r^cN      tn tn tn 

OOOOOO»-«i-*»-«CM!N(N<Ncnc0<»ltn 

00 00       «n 
CMCMCM.J      r-i-j      \0(nr^r>to»ninm 
^^-ir-«^(cM{n>no-*oo>-<^rr^<Ti^-icMco 
OOOOOOOr-<r-<i-ICMC-<CMCMfOC»1(^ 

CO ^ oo -J      r^ 
o o o ft <N ci ao ^-i ao cs< j-^r m     nm 
r^r-lr-f^^r-lrtCOUI^IvOO-JOOOr-ICM 
OOOOOOOOOr-t^otcMCMCirOcn 

en j- oo cf      oo     CM «n 
OOOr-ICMCM^^OO^CM^t 
r-l.-l.-tf-lf-t.-tr-i.-tCMCOr-.JO.JaOOi-t 
OOOOOOOOOOOI-ICMCNCMPOCO 

00 CT^ Cl 00 «T! CM 

OOr-lrAr-tr-ir-lt-trlCACnr^^ tOOO 
oooooooooooo^-MCMCMcn 

m m vo r^     n     oo CM j- 
o\o>o^o>     o>-(»-<tn<n     r^voinin 
OOOOflr-iMr-lr-tr-(CMCni^inCNr^<yi 
OOOOOOOOOOOOO^-lCsltNCM 

in     in 
minvOr--      nao-J-jr-^f^in 
a* (J* &. 0\       OO^-tCMJsOCMOCM 
OOOOf-<r-<r-lr-4i-ir-l.-tCNJ?-CTNCTNinQ0 
OOOOOOOCOOOOOO»-4CMCM 

IT      m 
ID m vO f--       CO 00 j-CM j       j- 
(Ti<y><7*!T>      OOr-tCMOinaO^»      >n CNICNOO^JC^C^CN ^NCMCMCNCNCM 
OOOOr-«t-i^-<i-ti-i^-(f<i-!CMmr-tcnr^c<)vjDa-ND,3-v£)<NOini"-JO-d'ort^oi~-) 
OOOOOOOOOOOOOOfic-icsicOLT^, vCooa^oOaOvßOcO'TM,    oo 

r-l  CN  CN   ^-( 

««-I 

o 
4-» FIH 

O,-HCMfnj-in»43fv.Q00No^-i(Nfn--Tinv£)^-.oooooooooooinoino 
r-4^^,_ir_i_(,_i(Nn'nvDrvooc^Or-tcN-3-\D^Dr-^r^oo 

i-l  r-l r-( f-t  r-l  ^4 

22 



TABLE IV 
WIND TUNNEL DATA 

Corrected for Tare and Wind Tunnel Wali.  Effects' 

MfM »sta   •  MM(W  ••MM  • HIM  »111 •«/•«>»•       fttt       I 
••XMKI   IMVM1II«« fm   lilt  114.t tl*t    U.tl 

■»••II«  ••    «.MM 

I («M «»jail IM«  »Mfl-ICf« Mil  M  • ••■  —«U   «*» mttmi 
IN.M       I.IM    il.CM      «.IM      l.«M       11.11« «. I«.IM «. IM«.  H» Ml««« I.  »«1.  »«■  II 

• MW« Mil t|((il     ««KHI       ••(»*•,•       •(.I u.t «I* 
«.I«««       I.«CM    e.l«*M    «.«MM      «.tl«IM    •.M*ll    «. «. 

C1IMI  C(IMItl«»lt 
«.«IMtt«      «. «. -«.MIMM       «. «. «. «. 

CUM«  «Iflltlltll 
«.tl«M««       «. -«.IIMSM      «. «. «. «. «. 

(*lMi  iCtlPltloll 
«. «■ «. «. «. «. •. a. 

ctiMi cciiiitllan 
-«.«•MM«       «. «. «.«IIMM       «. «. «. «. 

CklMt :CIIII<II*II 
«- «. «• «. «. «. «. «. 

»eitiMf ccimuiinii 
». ♦- «. «. «. «. (. t. 

«V '       «• I« M «« M «6 I« M M IM f.. IN IM IM IM 
«fill « •    «. «.m    «.<M    I.It«    I.IM    I.IM    l.«M    I.M«    «.Ma    «.>««    «.IM    t.«M    >.«M   «. 9. 

mut ii it ii t« i« 

«...   |  rut  M  llillll.     i  «III   »»«« MM   IKIK  CMMl'.«*;   IlldlC M.  («I  Mill   I   Ml  «M. 

lit  •    «.«lit« 

II «(Iftlktl  Mtl  I   It «CICI  Ml» M« IIC  Ii   tr«.   IWM   Mi   IIUCM« MIICMII« CMMICIMTI 

11   •OIMMI   MM  I  II «IMI   MM MC II«   Ii MfM  toil«)».  COt»ltll*tl Ml  U«/ilM«  MM 

»tie»  «»t<   •  MK»M  ICJ*M   •  »IM  »»IS M/M/M      »»M       I 
till   It«.«     mm     I       IkVk      «I ■f»l»laCi   IMMMIIM MMIIC  I« ».«M*       IIM     M.*l 

tu >i •     ii«n«,«ii        tiki« ■ • itnui.i»«>i . 
Ill   it  •       -Mil«.II« iJ>ll-(Ctl*i'MII 

»IHM   ll»l|t  II  ttM  ••».     »t  il.   1« M  It tCMfi.     M «III» I. 

»I «»►• («lit »       CltKIU» 

«. 
-♦.«« -lit«. 
-1.«« *ll«ll. IM. 

-Ii.«« -IIIII. -«1. 
-u.«« 'Illil. -III. 
-«.«« -««!««■ 111. 
-II.«« 'Ulli. -II«. 
•».«« «. -II«. 

|I«MM«  «(«IIIIC*   • I«».«  M-t«i 
)     «.«  («Mill 
KM«!   IHCUt«  III  »II»!»  •  l(k COuall« 

MIC*  MIC  •  »»K*M  r«l«M   •  «IM  •■II M/M/M       »•«•       t 
'HI   ilt.C     SUlIf,     I       lib*       «| MM«(MI   IM«M»IIM MMII«   I«  «.MM       Hu«     M.U 
•l(iK>IM  ii«C l»H 

ill ii •     mm.«i«        «in» « • ii«ii»m>f<»t - 
ill   II  •       -Mil«.«!« ll>ll-(Ctl»ir»»ll 

•laii turn ti II»C «•».   «« ti. i« 
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«. «. -11«. 
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^Symbols meanings are given on page  30. 
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TABLE IV (cont'd) 
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TABLE IV (Cont'd) 

Explaination of Wind Tunnel Data Symbols 

Definition (in terms 
of these symbols 
where possible) 

Symbol Meaning 

ALFA' 

ALPHA 

AVG 

BETA 

CD 

CL 

CLR 

CM 

CMX 

CMY 

CMZ 

CN 

CP 

Resultant rotor force orienta- 
tion (degrees) 

Mast angle of rotor (degrees) 

Data are an average of 5 or 10 
points, whichever is printed in 
this location 

Undefined 

Rotor horizontal force coeffi- 
cient , corrected 

Rotor lift coefficient, cor- 
rected 

Rotor lift coefficient (non- 
dimensionalized by tip speed) 

Rotor pitching moment coeffi- 
cient, corrected 

Rotor rolling moment coeffi- 
cient (nondim. by tip speed) 

Rotor pitching moment coeffi- 
cient (nondim. by tip speed) 

Rotor yawing moment coefficient 
(nondim. by tip speed) 

Rotor yawing moment coefficient, 
corrected 

Rotor power coefficient 

_1fDrag-Dragt  \ 
tan  Uift-Lift tare' 

positive for mast 
tilted aft 

DRAG ,U /Q or A '   corr Y 

LIFT,U        /Q cr A '  corr Y 

CL  •   (V/0R)V2 

PITCH,U /Qc or A '   corir Y 

CR0LL.(V/0R)   /2 

CM-(V/0R)V2 

CN-(V/0R)   /2 

^^corr7^ TA 

HP.55000 

(RHO*100)A(OMEGA*R)3 
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TABLE IV (Cont'd) 

Symbol Meaning 
Definition (in terms 
of these symbols 
|where possible)    | 

CPO Rotor profile power coefficient 1          CPo See page 7, -^r 
I 

CQ Same as CP 
! 

CQO Same as CPO 1 

CROLL Rotor rolling moment coeffi- 
cient, corrected 

ROLL,lJ    /Qc or A  1 j   7 corr T 

CXR Rotor drag coefficient (nondim. 
by tip speed) 

CD.(V/OR)2/2 

CY Rotor yawing moment coefficient, 
corrected 

YAWTUcorr/Qc OTA 

CYR Rotor yawing moment coefficient 
(nondim. by tip speed) 

CY-(V/OR)2/2       ! 

DRAG,U Rotor horizontal force, uncor- 
rected 

pounds, positive aft 

F/TV Propulsive force parameter CXR.Q/CLR 

HP Rotor horsepower measured by 
balance frame 

- 

L/D,E Efficiency parameter CLR/r9^P) - CXR) 

L/HP Efficiency parameter CLR-550/CP.OMEGA*R 

LIFT,U Rotor vertical force, uncor- 
rected 

pounds, positive up 

M,T1P Rotational tip Mach number OMEGA*R 
Speed of sound 

OMEGA* R Rotor tip speed feet/facond 

PITCH,U Rotor pitching moment, uncor- 
rected 

ft-lbs, positive 
nose up 
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TABLE IV (Contfd) 

Symbcl Meaning 
definition (in terms  | 
of these symbols     i 
where possible)      I 

rr Datum point number in a given 
run 

~           i 

Q 
2 

Dynamic pressure (lb/ft ) .01426(RHO*100)(V,KTSn 

RHC*100 Air density *100 (slugs/ft3) I 

1 ROTX.U Rotor rolling moment, uncor- 
rected 

ft-lbs, positive for 
advancing blade down 

SIDE.U Rotor side force, uncorrected lbs, positive to right 
(looking upwind)      j! 

TEHP Tunnel temperature (0F) - 

V/OR Rotor tip speed ratio 1.6878(V,KTS)         | 
ÖMEGA^R 

V,KTS True airspeed (knots) - 

YAW,U Rotor yawing moment, uncor- 
rected 

ft-lbs, positive nose j 
right (looking upwind) j 

32 



TABLE V 

CCTTROL POSITION CATA 

Run and Point number relate to Table IV data. 

Grip 
Run Point collective 

Longitu- 
dinal 
Cyclic 
+ f wd 

Lateral Oscill. 
Cyclic Record 

Number 
Remarks 

2 
3 
k 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

+ up 

1 10.5 
2 10.5 
3 10.5 
k 11.5 
5 12.5 
6 13.5 
7 9.5 
8 9.5 
9 9.5 

10 8.5 
11 10.5 
12 11.5 
13 12.5 
Ik 12.7 
15 13.3 
16 13.5 
17 1U.5 
18 15.5 
19 17.0 
20 13.5 
21 13.75 
1 10.5 

9.5 
11.5 
12.5 

13.5 
14.0 
10.5 
10.5 
10.5 
9.5 

11.5 
12.0 
12.5 
13.0 

deg_ 

3.0 
1.0 

-1.0 

1.0 
3.0 
5.0 
3.0 

4.0 
7.0 

3.0 

t 
4.0 
2.0 
3.) 

♦ right 

0.0 

f 
0.0 

123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
137 
138 
141 
142 
143 
144 
145 
146 
175 

176 
177 
178 

179 
180 
181 
182 
183 
185 
186 
187 
188 
189 

Chg zero c,c. 2 

Cbg v.ero osc. 1 

Chg zero osc. ij 

Beam 95 ampl. 
out 

Chord flexure 
2 out 
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TABLE V (Cont'd) 

Run Point 
Grip 

Collective 
Longitu- 
dinal 

Lateral 
Cyclic 

Oscill. 
Record 

Remarks 

^o~l.k5*) Cyclic Number 
+ up + f wd + right 
deg deg deg 

> f       15 10.5 k.O 0.0 190 
16 10.5 2.0 191 
17 12.8 k.5 196 
18 11.5 < 197 
19 13.8 198 
20 15.0 

1 ' 199 
21 12.8 6.5 200 
22 12.8 2,5 201 
23 11.75 k.5 202 
2k 10.8 203 
25 12.8 20k 
26 13.8 205 
27 Ik. 8 ' 206 
28 11.75 6.5 207 
29 11.75 2.5 208 
30 11.8 k.5 209 
31 10.5 211 
32 12.8 212 
33 13.5 ■ • 215 
3k 11.8 6.5 216 

' *       35 11.8 2.5 ■ i 217 
i 1 15.5 7.0 0,0 222 Slight foul for 

all of Run 8 
2 Ik. 5 223 
3 16.5 r 225 
4 16.5 1.5 226 
5 17.5 227 
6 15.5 i < 228 
7 15.5 9.0 229 
8 15.5 5.0 230 
9 15,0 7.0 231 

10 Ik. 5 232 
11 15.5 233 

' '   12 16.0 < ■ 1 235 
c )         I Lk.5 7.0 255 

2 15.0 2 56 
3 15.5 257 
k 16.0 258 

■ 5 16.5 ' ' • 259 
1C )   1 15.0 9,0 1.5 268 

1 2 15.0 7.0 i 269 
*   3 15.0 5.0 270 
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TABLE V (Cont'd) 

un Point 
Grip 

Collective 
(Oo-l.U50) 

Longitu- 
dinal 
Cyclic 

Lateral 
Cyclic 

Oscill. 
Record 
Number 

Remarks 

+ up + fwd ■♦• right 
deg deg deg 

10   k 14.0 7.0 1.5 271 
1 5 14.2 7.0 ♦ 271 Rezero Chan, 6 

Oscill. 2 
I 1   1 8.9 4.5 0.0 285 

2 8.5 4.5 286 
3 8.9 2.5 287 
ü 8.9 0.5 288 
5 7.5 2.5 289 
6 7.1 0.5 290 
7 6.7 -0.5 ' ' 291 Some zeros 

shifted by 
' i 100 K 
1 2         1 10.8 4.5 0.0 297 Flapping and 

mast torque 
out 

2 11.0 6.5 298 
3 10.2 299 
k 9.6 300 
5 
6 

9.2 
8.8 

- 

301 
303 Rezero Chan. 2 

Oscill. 2 
7 8.8 4.5 304 
8 8.3 4.5 305 
9 7.9 2.5 306 

10 7.4 2.5 307 
11 12.4 6.5 308 
12 14.3 10.0 309 

1 

13 13.3 10.0 1 1 310 
1 3   1 10.5 4.7 0.0 317 

2 9.2 2.7 318 
3 8.3 0.7 319 Rezero Chan. 2 

Oscill. 2 
i» 9.4 320 
5 9.8 321 
6 10.6 322 
7 7.8 1 

1 
323 

1 8 11.9 5.4 325 Actuator 
failure 

i i         i 
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